The mechanism of translocation of matrix-targeted, cleavable preproteins across the mitochondrial outer membrane was studied using purified outer membrane vesicles. The N-terminal presequence interacts in a sequential and reversible fashion with two specific binding sites. The first one is provided by proteasesensitive receptors on the surface of the membrane (cis site); the second one is located at the inner face of the outer membrane (trans site). Binding to the trans site drives translocation of the N-terminal portion of the preprotein and, at the same time, unfolding of its mature part. We suggest that the outer membrane protein import machinery forms a translocation channel that permits reversible sliding of preproteins and prevents their lateral aggregation in the membrane. Although translocation can be initiated by the outer membrane, its completion requires coupling to the energetic system of the inner membrane. Our data assign an essential role to the presequence, not only for efficient targeting, but also for the translocation step.
Introduction
The question of how polypeptide chains traverse biological membranes represents a central aspect of protein traffic within the cell. How do targeting sequences initiate translocation and what is the conformation of a preprotein during membrane passage? What are the driving forces that provide the energy for the transmembrane movement and for the transient unfolding of the preproteins? In the case of protein import into mitochondria (fer reviews see Pfanner et al., 1991; Segui-Real et al., 1993b) , unravelling these problems seems to be particularly difficult, since transport of many proteins occurs across the two mitochondrial membranes in a coupled fashion. Recently, however, it became clear that both mitochondrial membranes contain individual translocation machineries (Hwang et al., 1989; Mayer et al., 1993;  for review see Pfanner et al., 1992) that, under certain conditions, can transport preproteins in sequential and independent reactions (Segui-Real et al., 1993a ). An experimental system to study selectively translocation across the mitochondrial outer membrane has been developed (Mayer et al., 1993) . Highly purified vesicles were shown to insert outer membrane proteins and to translocate cytochrome c (cyt c) heme lyase (CCH L), an enzyme that reaches its native location in the intermembrane space without crossing the inner membrane (Lill et al., 1992) . However, preproteins destined for the inner membrane and the matrix space did not become sequestered by the outer membrane vesicles (OMVs). This observation is consistent with the situation found with intact mitochondria. Preproteins containing N-terminal, cleavable targeting sequences (presequences) are transported across the outer membrane only if they are further passed through the energized inner membrane or at least start this latter process (Hwang et al., 1991; Rassow and Pfanner, 1991) .
In view of these problems, it is impossible to utilize intact mitochondria for the study of how matrix-targeted preproteins initially become translocated across the outer membrane before they are presented to the inner membrane and can undergo further translocation. By taking advantage of the purified OMV system, we have now addressed the questions of how mitochondrial preproteins bearing N-terminal presequences are recognized, inserted into, and translocated across the outer membrane. We show that the outer membrane by itself is functional in translocating the presequence, but not the mature part of these preproteins. Translocation is driven by the specific and reversible interaction of the presequence with two binding sites, one provided by protease-sensitive receptors at the surface (cis site) and a second one located at the inner face of the outer membrane (trans site). Binding to the trans site is accompanied by the unfolding of mature parts immediately following the presequence. Our studies allowed us to derive a model for the mechanism of translocation of cleavable preproteins across the mitochondrial outer membrane.
Results

The Isolated Mitochondrial Outer Membrane Can Translocate the Presequence, but Not the Mature Part, of Preproteins
Purified matrix-processing peptidase (MPP; Arretz et al., 1994) was enclosed in the lumen of isolated OMVs as a means to monitor the appearance of the cleavage site of a preprotein at the internal side of the outer membrane. The inclusion procedure involves freezing and slow thawing of OMVs in the presence of the protein to be enclosed (Mayer et al., 1994) . This treatment transiently opens the membranes, facilitating equilibration of the vesicle lumen with the surrounding medium. After separation of the OMVs from nonenclosed protein by flotation centrifugation, inclusion was estimated by assaying for vesicleassociated MPP. Substantial amounts of ~-or 13-MPP cofractionated with the OMVs only if they had been added before the freeze-thaw treatment ( Figure 1A) . Addition of the MPP subunits after the freeze-thaw step or omission of this treatment did not result in significant inclusion. In control experiments testing the inclusion of fluorescently labeled dextran, we found that the majority of the OMVs were loaded with the fluorophor, indicating the high efficiency of the inclusion procedure (data not shown). En- OMVs wereqncdbated ~;ith the purified a and I~ subunits of MPP and subjected to a freeze-thaw treatment or left on ice. The subunits were added either before (b) or after (a) the freeze-thaw step. After thawing, all samples were incubated on ice for 20 rain. OMVs were reisolated by flotat!on centrifugation and precipitated with TCA. Samples were analyzed by SDS-PAGE, Western blotting, and immunodecoration for MPP subunits.
(13) After a freeze-thaw step in the presence of a-or 13-MPP as described in (A), the OMVs were reisolated and diluted with 5 vol of SEM buffer containing 100 mM KCI. Samples were sonicated or left on ice and spun down again. The supernatants (Sup) and pellets (Pel) were precipitated with TCA and analyzed as in (A). a.u., arbitrary units.
closed MPP subunits were soluble in the lumen of the OMVs and were released upon opening the outer membrane by sonication (Figure 1 B) . Thus, a-and 13-MPP can be enclosed efficiently inside the lumen of OMVs. OMVs preloaded with both subunits of MPP were incubated with the radioactively labeled precursors of a-MPP or of the fusion proteins Su9-DHFR and cyt b2 (85)-DHFR. The fusion proteins consisted of either the presequence of subunit 9 (Su9) of the F0-ATPase or the first 85 residues of pre-cyt b2, respectively, and dihydrofolate reductase (DHFR). Up to 30% of processed material was observed ( Figure 2A ). Cleavage did not occur when the freeze-thaw step had been omitted, suggesting that cleavage was catalyzed by internalized MPP. Both the precursor and the mature forms remained completely accessible to externally added protease (Figure 2A ; cf. Mayer et al., 1993) , indicating that the presequence, but not the mature part, became translocated across the membrane. No significant cleavage was observed in the absence of Mn 2+, which is essential for MPP enzyme activity (Table 1; cf. Arretz et al., 1994) . Other divalent ions could only partially (e.g., Mg 2+) or not at all substitute for Mn 2+.
A potential complication of our assay was the leakage of enclosed MPP from the OMVs. As a control, cleavage by OMVs containing both a-and 13-MPP was compared with cleavage by a mixture of OMVs containing either (x-or 13-MPP alone. Efficient processing was observed only in the first case, namely with OMVs preloaded with both subunits of MPP ( Figure 2B ). Cleavage was also not detected when OMVs loaded with (z-or 13-MPP were tested separately. Thus, the majority of the processing activity is caused by entrapped MPP, and leakage of MPP from the OMVs contributed only a small background signal. This conclusion is strongly supported by the observation that membrane-bound pre-Su9-DHFR could not be cleaved by MPP added to the OMVs from outside ( Figure 2C ). It could, however, be cleaved if the outer membrane was lysed in detergent to release the precursor.
Does cleavage of the preseq uence depend on proteasesensitive factors of the outer membrane? MPP-containing OMVs were treated with protease before or after the freeze-thaw step and were then incubated with pre-Su9-DHFR. Removal of the surface receptors reduced processing 10-fold as compared with untreated, MPPcharged OMVs ( Figure 2D ). To test specifically whether constituents of the receptor complex, nam ely MOM 19 and MOM22, are involved in this process, immunoglobulin G (IgG) directed against these two proteins was bound to OMVs that had been preloaded with MPP. Both antibodies inhibited processing of Su9-DHFR and (~-MPP precursors by up to 900/0, whereas IgG derived from preimmune serum had no effect ( Figure 2E ).
In summary, by incubating preproteins with OMVs, a previously undescribed translocation intermediate termed "outer membrane insertion intermediate" is formed, in which the presequence has become translocated across the outer membrane, while the C-terminus is still exposed to the cytosolic face. Apparently, the outer membrane by itself is incapable of completing translocation of the mature part of the preprotein, although the presequence has been transported along the authentic pathway.
The Mature Part of the Precursor Protein Is Only Loosely Associated with the Translocation Channel and Is Released from the Outer Membrane
Is there a sufficiently strong interaction between the mature part of membrane-spanning precursors and the translocation machinery to maintain this segment with the membrane, or can it leave the translocation channel by a retrograde movement? The precursor of Su9-DHFR was incubated with MPP-containing OMVs, and then the OMVs and the soluble fraction were separated by centrifugation in the presence of various amounts of KCI to assay for protein that had dissociated from OMVs, While the precursor protein was not released into the supernatant irrespective of the ionic strength, the mature form generated by MPP cleavage dissociated at higher KCI concentrations Isolated OMVs were incubated with MPP and subjected to a freeze-thaw treatment or left on ice. After reisolation, they were used for a processing assay as in Figure 2 . The reaction was supplemented with EDTA (None) or with the chloride salts of the indicated cations (2 mM each). Samples were precipitated with TCA and analyzed by SDS-PAGE and fluorography, a.u., arbitrary units.
( Figure 3A ). When either MOM 19 or MOM22 functions were blocked by prebinding of specific antibodies, mature Su9-DHFR in the supernatant was decreased 5-fold ( Figure  3B ). Therefore, soluble mature Su9-DHFR did not arise from cleavage of a soluble pool of preprotein outside the OMVs. Rather, it originated from membrane-bound material that was cleaved by enclosed MPP. These data show that the mature part of translocated preproteins interacts in a salt-sensitive fashion with the translocation machinery. At higher ionic strength, removal of the presequence results in efficient release of the mature protein from the translocation pore by a retrograde translocation reaction. The precursor form, however, is bound in a stable manner. Thus, under physiological salt concentrations, preproteins are bound to the outer membrane mainly by specific interaction of the presequence with the translocation machinery.
?,
Insertion into the Translocation Machinery Prevents Aggregation of the Preprotein
Processing of the presequence inserted into OMVs was slow in Comparison to cleavage in free solution ( Figure  4A ). When OMVs containing MPP were lysed by detergent to release internal MPP, rapid and quantitative cleavage of pre-Su9-DHFR similar to that in free solution was obtained. This excludes MPP concentration as the ratelimiting factor for the slow processing reaction inside the OMVs. Rather, the cleavage site may not be readily accessible to enclosed MPP. This could result from an unfavorable conformation of the MPP recognition site. Alternatively, the cleavage site might still be inside the translocation channel and become exposed to the lumen only transiently by reversible movement of the polypeptide chain.
The cleavage reaction of membrane-bound pre-Su9-DHFR persisted for at least 60 rain in a linear fashion ( Figure 4B ). In contrast, the reaction in free solution proceeded only for 10 min, even though the substrate was not limiting under the conditions used. Since the preprotein had been unfolded in urea in these experiments, it started to aggregate after dilution into the reaction mixture (data not shown). It thereby became inaccessible to MPP, unless it was stabilized by interaction with OMVs. Control experiments demonstrated that MPP fully retained its catalytic activity throughout the incubation (data not shown; see also Figure 4C ). We conclude that, by insertion into Figure 2A . After stopping it with 5 mM EDTA, the sample was split into aliquots that were diluted 7-fold with SEM buffer and adjusted to different KCI concentrations. After 5 min at 25°C, OMVs were removed by centrifugation, and the supernatants were precipitated with TCA and analyzed as in Figure 2B . One aliquot was TCA precipitated before reisolation and provided the 100% reference for the precursor and mature form. (B) Appearance of mature Su9-DHFR in the supernatant depends on MOM 19 and MOM 22. OMVs containing M PP were treated with purified IgG directed against MOM19 and MOM22 or derived from preimmune serum as in Figure 2E . OMVs were reisolated, used for processing reactions as in (Figure 2A ), adjusted to 100 mM KCI, and reisolated after 5 min at 25°C. The supernatants were precipitated with TCA and analyzed as in (A). The signal obtained with no added IgG was set to 100%.
the translocation channel, the preprotein is prevented from aggregation and is maintained in a conformation that is competent for processing by MPP.
To investigate this further, urea-unfolded precursor of MPP-containing OMVs in import buffer were lysed with 0.1% Triton X-100 or left intact. After addition of urea-denatured pre-Su9-DHFR, a processing reaction was performed. At the indicated times, aliquots were withdrawn, precipitated with TCA, and analyzed by SDS-PAGE and fluorography. (B) Processing by enclosed MPP occurs at a slow but constant rate. OMVs loaded with MPP were used in a processing reaction as in Figure 2B , except that urea-denatured pre-Su9-DHFR was used. A parallel reaction (Solution) contained only the equivalent buffer, preprotein, and 10 nM MPP. Further analysis was as in (A).
(C) OMVs preserve the processing competence of pre-Su9-DHFR. Urea-denatured pre-Su9-DHFR was diluted into import buffer containing MPP (0.4 ~M), MnCI2 (2 mM), or OMVs loaded with MPP. After different times at 25°C, aliquots were withdrawn and supplemented with MnCI2 (2 mM), MPP (0.4 ~.M), or MnCI2 (2 mM), respectively, to start processing for 5 min at 25°C. Samples were precipitated with TCA and analyzed as in (A). Values obtained for samples analyzed at 0 min were set to 100%.
(D) The processing competence is maintained by interaction with the Su9-DHFR was diluted into solutions containing either MPP-Ioaded OMVs, MPP, or Mn 2+. After incubation for various times, the competence of the preprotein for processing by MPP was tested. Pre-Su9-DHFR diluted into solution rapidly lost its capacity to become processed, irrespective of the presence or absence of MPP during the first incubation ( Figure 4C ). In contrast, the processing competence remained unchanged, if the pre-Su9-DHFR was bound to OMVs• This stabilization was observed with OMVs preloaded with MPP ( Figure 4C ) or with OMVs that did not contain MPP ( Figure 4D ). Thus, the chaperone-like activity appears to be a property of the translocation machinery rather than of MPP. To demonstrate that the stabilizing effect was caused by specific interaction with the protein import complex, OMVs were pret reated with protease under conditions that completely remove the surface receptors (data not shown)• The ability of these OMVs to stabilize the processing competence of pre-Su9-DHFR was reduced by 80% as compared with untreated OMVs ( Figure 4D) . A similar decrease in stabilization was observed when MOM19 was blocked by prebinding-specific IgG. Control IgG derived from preimmune serum had no effect. This demonstrates that the stabilization of the preprotein is a consequence of its specific interaction with the translocation machinery. Significantly, however, the low processing competence retained after inactivation of the receptors did not further decrease during incubation. This suggests that under these conditions the preprotein had become inserted into the translocation machinery via direct interaction with the protease-resistant part of the translocation machinery, i.e., along the receptor-independent "bypass" import route ; cf. Figures 2D and 2E) . Thus, receptors are not essential for stabilization, but can increase the efficiency by inserting higher amounts of preprotein into the translocation channel.
Translocation of the Presequence across the Outer Membrane Drives the Unfolding of an Immediately Following Folded Domain
In pre-Su9-DHFR, the DHFR domain is directly attached to the presequence. After synthesis in reticulocyte lysate, the DHFR portion of the preprotein is folded as evident from its resistance to digestion by added proteinase K ( Figure 5A ). In contrast, when pre-Su9-DHFR was incubated with OMVs and then probed with proteinase K, 60% of the total added preprotein became completely detranslocation machinery. Urea-denatured pre-Su9-DHFR was diluted into import buffer containing empty OMVs that had been pretreated with trypsin, mock-treated, or preincubated with IgG purified from MOM19 or preimmune sera (cf. Figure 2E ). The samples were kept at 25°C for 5 min, reisolated, resuspended in import buffer, and further incubated at 25°C. At different times, aliquots were removed and supplemented with 0.5% Triton X-100, 0.4 ~.M MPP, and 2 mM MnCI2 to permit processing for 5 min at 25°C. The aliquots were precipitated with TCA and analyzed as in (A). The signals of the mock-treated and the preimmune IgG-treated samples measured at 0 min was set to 100%. Pre-Su9-DHFR was incubated in import buffer either alone (Free) or with OMVs. The vesicles were used untreated, had been pretreated with trypsin, or tile whole mixture had been depleted of ATP. After 15 rain at 25°C, 1 p.M MTX and 1 mM NADPH were added to prevent further unfolding. An aliquot of each sample received 100 I~g/ml proteinase K for 5 min at 0°C (Folded DHFR), whereas the other one was left untreated (Precursor). Proteolysis was stopped by adding 2 mM PMSF. Samples were precipitated with TCA and analyzed by SDS-PAGE and fluorography.
(B) Folding state of vesicle-bound precursor. Pre-Su9-DHFR was bound to OMVs, and MTX/NADPH was added as in (A), OMVs were reisolated, resuspended in the same buffer as before, and treated with (Folded DHFR) or without (Precursor) proteinase K and analyzed as in (A).
(C) Fusion proteins between N-terminal parts of pre-cyt b2 (Cyt b2) and DHFR were incubated in import buffer (Free) or were bound to OMVs as in (A). MTX (1 I~M) and NADPH (1 raM) were added to prevent further unfolding. Samples containing OMVs were reisolated and regraded. Strikingly, the vesicle-bound fraction of the preprotein (60% of total) was completely sensitive to proteolysis ( Figure 5B ), suggesting that membrane insertion is accompanied by unfolding of the DHFR domain. Depletion of ATP by apyrase reduced neither membrane binding nor unfolding ( Figures 5A and 5B) , indicating that the interaction of the preprotein with the translocation machinery was sufficient to drive both reactions. Unfolding was a consequence of the specific association of the preprotein with the translocation machinery, since trypsin-pretreated OMVs were not able to unfold efficiently the DHFR domain of the total added pre-Su9-DHFR ( Figure 5A ). Still, the small amount (12% of total) of pre-Su9-DHFR bound to protease-pretreated OMVs via the bypass route (see above) harbored an unfolded DHFR domain ( Figure 5B ). Thus, receptors are obviously not essential for the unfolding reaction, but rather enhance the reaction by increasing the efficiency of membrane binding and insertion. DHFR-fusion proteins with increasing portions of precyt b2 at the N-terminus were employed to investigate whether unfolding would also occur if the DHFR domain was positioned further away from the presequence. When there were only a few intervening residues between the DHFR domain and the MPP cleavage site, complete unfolding was observed upon membrane binding ( Figure  5C ). In contrast, when the DHFR domain was separated from the presequence by a long stretch of amino acids, it remained completely folded after binding to the OMVs. Apparently, in this case, the DHFR portion had not yet reached the site of the translocation machinery and did not have to be unfolded.
Translocation of Preproteins AcrOss the Outer Membrane Is Reversible and Involves at Least Two Steps of Signal Recognition
As shown above, preproteins bind to OMVs as membranespanning intermediates in which the mature part of the preprotein becomes unfolded. In attempting to demonstrate preprotein binding to the surface of the outer membrane, the DHFR domain of pre-Su9-DHFR was stabilized as a folded structure with methotrexate (MTX) and NADPH in order to preclude its insertion into the translocation channel. In the presence of MTX/NADPH, binding of preSu9-DHFR to OMVs was detectable, even though it was reduced by 80% as compared with binding without the two ligands ( Figure 6A ). When the OMVs were pretreated with trypsin, binding in the presence of MTX/NADPH was abolished, suggesting that receptors were directly involved in the binding reaction. Since we found that tile mature part of the preprotein did not associate with OMVs, binding at the surface was mediated through the presequence (data not shown). Binding in the presence of MTX/ suspended in the same buffer as before. Protease treatment and further analysis was as in (A): The amounts of folded DHFR domain are given relative to the total input (Free) or to material bound to OMVs. Values for the folded DHFR domain were corrected for the loss of methionines caused by proteolysis. The samples were divided in half, and OMVs (trypsin or mock-treated) were added. After 15 rain at 25°C, the reactions were diluted 10-fold with ice-cold EM buffer containing 75 mM KCI. OMVs were reisolated and analyzed by SDS-PAGE and fluorography, a.u., arbitrary units. (B) Binding to OMVs protects preproteins from processing by externally added MPP. Pre-Su9-DHFR was bound for 15 min at 25°C to OMVs in the presence or absence of 1 pM MTX plus 1 mM NADPH. After chilling on ice, OMVs were reisolated, resuspended in the same buffer as before, and treated with 0.5% Triton X-100 (TX100) or water for 5 min at 0°C. MPP (0.4 ~M) and MnCI2 (2 mM) were added to start processing from outside (10 min at 25°C). The samples were precipitated with TCA and analyzed as in (A). Values obtained for the mature species were corrected for the loss of methionines in the presequence, p, precursor; i, intermediate; m, mature.
NADPH exclusively occurred at the surface of the outer membrane, since the presequence was quantitatively cleaved by MPP added from outside ( Figure 6B ). In contrast, no cleavage by externally added MPP was obtained in the absence of MTX/NADPH (cf. Figure 2) , unless the outer membrane was disrupted by detergent to give access to the cleavage site. These data together with results reported above demonstrate the existence of two binding sites specific for the presequence. The "cis site" is provided by protease-sensitive receptors at the outer face of The sample was chilled on ice, supplemented with 120 mM KCI, reisolated, and resuspended in import buffer with 120 mM KCI. Aliquots were kept at 25°C in the presence or absence of 1 gM MTX plus 1 mM NADPH. At different times, aliquots were withdrawn and chilled on ice. OMVs were reisolated, and proteins analyzed by SDS-PAGE and fluorography. Signals obtained from aliquots withdrawn immediately after resuspending were set to 100%.
the membrane, whereas the "trans site" is located on the intermembrane space side of the outer membrane and associates stably with presequences. Is binding of the presequence to the trans site a reversible process? For the study of this question, we made use of the fact that pre-Su9-DHFR bound to the trans site contains an unfolded domain, whereas pre-Su9-DHFR in free solution or bound to the cis site harbors a folded domain. Thus, stabilization of the folded structure of DHFR by MTX/NADPH should permit to measure dissociation of the presequence from the trans site. Owing to the weaker binding at the cis site (cf. Figure 6A ), a net dissociation of the preprotein from OMVs was expected. Pre-Su9-DHFR was incubated with OMVs for binding to the trans site. Then, OMVs were incubated at 25°C in the presence or absence of MTX/NADPH. After reisolation of the OMVs, the amount of membrane-associated pre-Su9-DHFR was determined. In the presence of MTX/NADPH, a large fraction of prebound preprotein dissociated from the OMVs (Figure 7 ), albeit at a much slower rate than that observed for the mature form after cleavage by internal MPP (data not shown; cf. Figure 3) . In contrast, the preprotein remained stably associated with OMVs when the incubation was performed in the absence of MTX/NADPH.
In summary, translocation of preproteins into mitochondria involves at least two sites of presequence recognition at the outer membrane. There exists an equilibrium of preprotein binding to these sites, and the partially translocated preprotein can leave the putative import channel in a retrograde fashion. Equilibrium distribution depends, among other factors, on the folding state of the segment following the presequence. Thus, the ability of a precursor protein to unfold appears prerequisite to reversible insertion into a translocation channel, thereby allowing the presequence to interact with the trans site at the inner face of the outer membrane. 
Discussion
We propose a model for the mechanism of preprotein translocation across the mitochondrial outer membrane (Figure 8 ). The initial interaction of a preprotein in the cytosol (stage 1 in Figure 8 ) with the external face of the outer membrane occurs by binding the presequence to a specific site, termed cis site, which is provided by proteasesensitive receptors (stage 2). This interaction is only transient and is immediately followed by the insertion of the polypeptide chain into the translocation pore. The presequence then stably associates with a second specific binding site located at the inner face of the outer membrane, termed the trans site (stage 3). This arrests the preprotein as a novel translocation intermediate, termed outer membrane insertion intermediate, in which the presequence is stably bound to the trans site, and the N-terminal part of the mature protein is inserted into the translocation pore, leaving the remainder of the protein exposed to the cytosol. Insertion and binding to the trans site is accompanied by unfolding of the N-terminal part of the mature protein (stages 2-3). Interaction of the outer membrane insertion intermediate with the translocation machinery is mediated mainly through the presequence, since after its cleavage by vesicle-enclosed MPP (stage a in Figure 8 ) the mature portion of the preprotein is readily released from the outer membrane (stage b). The outer membrane insertion intermediate is bound in a reversible fashion and can leave the translocation machinery by slow retrograde translocation. Reverse movement of the polypeptide chain can be followed if the equilibrium is shifted by stabilizing the folded structure of the mature portion (stages c-d). From stage 3, translocation may resume after the presequence has engaged contact with the translocation machinery of the inner membrane. A'q-dependent transfer of the presequence across the inner membrane (Schleyer and Neupert, 1985) and the ATP-dependent action of mitochondrial heat shock protein 70 (HspT0) (stage 4 in Figure 8 ; Kang et al., 1990; Gambill et al., 1993 ) may then complete transport across both membranes in a coupled fashion. The existence of two binding sites on the outer membrane specific for mitochondrial presequences is suggested by several experimental data. Direct evidence for the cis site can be obtained under conditions preventing the unfolding of the mature part of the preprotein, e.g., by the addition of MTX to DHFR fusion proteins. This inhibits membrane insertion and only permits interaction at the mitochondrial surface. External localization of the preprotein under these conditions is supported by the accessibility of the signal-cleavage site for MPP added from outside. The cis site is provided by protease-sensitive receptors, since protease pretreatment of OMVs completely abolishes binding of MTX-stabilized preproteins. Evidence for the second, internal presequence-binding site, the trans site, is provided by the accessibility of the cleavage site for MPP enclosed in the lumen of OMVs, but not for external MPP. Furthermore, the unfolding of a DHFR domain immediately following the presequence suggests that the latter has become translocated across the outer membrane. Important future goals will now be to identify the components harboring the signal-binding sites and to elucidate the chemical nature underlying the recognition of presequences. In all likelihood, the cis site is provided by MOM19/Mas20p (SSIIner et al., 1989; Ramage et al., 1993) and/or MOM22 (Kiebler et al., 1993) . Since these proteins have recently been proposed to cooperate functionally during protein import (Harkness et al., 1994) , it is quite possible that both proteins together form the cis site. The trans site may be associated with components of the general insertion pore (Pfaller et al., 1988) . Candidate proteins are MOM38/Isp42p (Kiebler et al., 1990; Baker et al., 1990) , and the smaller receptor complex constituents MOM7, MOM8 (SSIIner et al., 1992) , and Isp6p (Kassenbrock et al., 1993) .
What is the mechanistic relevance of presequencebinding sites at the entrance and at the exit of a translocation channel? The cis site might concentrate mitochondrial preproteins at the entrance of the translocation channel, which would increase the efficiency of their insertion into the channel. Alternatively, binding to the cis site might induce a conformation of the presequence that is favorable for insertion into and passage across the outer membrane translocation channel. What role may be assigned to such a channel? The dissociation of the mature protein after processing by enclosed M PP suggests that the interaction with this part of the preprotein is rather weak. From these data, the translocation channel may be viewed as a passive pore permitting the passage of any kind of protein, provided it is unfolded. The observed reversibility of the transport reactions provides further support for this notion. Reversibility of transport reactions has also been observed with the bacterial plasma membrane (Schiebel et al., 1991) , the membrane of the eukaryotic endoplasmic reticulum (Ooi and Weiss, 1992) , and the mitochondrial inner membrane (C. Ungermann, D. Cyr, and W. N., unpublished data) . Reversible sliding of the polypeptide chain through the outer membrane channel eventually leads to stable association of the presequence with the trans site. Since ATP is not needed for reaching the trans site, the energy of binding apparently serves as the driving force for translocation, and in turn, for the unfolding of the preprotein (see below). In summary, the underlying principle for translocation of presequence-containing preproteins across the mitochondrial outer membrane is the binding of the presequence to the trans site, which is reached after cis site-assisted movement of the polypeptide chain across a reversible translocation channel. Thus, the chemical asymmetry provided by the different nature of cis and trans sites confers unidirectionality to the transport process Simon et al., 1992) . Furthermore, the sequential interaction with two binding sites suggests an essential role of the presequence in both targeting and translocation reactions.
The concept of two (or more) binding sites on either side of a translocation channel may well represent a general mechanism of protein transport across other cellular membranes. Cis sites may not only be provided by membraneintegrated receptors, but also by dissociable "targeting factors" in combination with their membrane receptors like, e.g., the SRP/SRP receptor or SecA/SecY systems (Rapoport, 1992; Nunnari and Walter, 1992; Dobberstein, 1994; Wickner et al., 1991) . Thus, cis sites specific for targeting sequences would assure the correct selection of cognate preproteins. Also, if the trans sites specifically recognize targeting sequences, this could provide a "double-check" system, improving the accuracy of sorting. However, binding on the trans side of the membrane does not necessarily have to be specific for targeting sequences. Interaction could also occur with more unspecific binding components like, e.g., members of the Hsp70 family in the yeast endoplasmic reticulum (Sanders et al., 1992) or the mitochondrial matrix (Kang et al., 1990) . In all cases, however, binding of the incoming polypeptide chain to trans sites drives vectorial transport of small segments of the protein. Translocation of the whole protein may be achieved if repetitive cycles of binding and release are possible, as in the case of the Hsp70 proteins discussed above (see Neupert et al., 1990) . In contrast with these examples of posttranslational translocation, the mechanism for cotranslational translocation into the mammalian endoplasmic reticulum may be different. In this case, in which no dependence on BiP was observed (G0r-lich and Rapoport, 1993) , the major driving force for translocation might come from the elongation of the polypeptide chain on the ribosome.
Our data demonstrate that the outer membrane by itself, in addition to its ability to insert outer membrane proteins and to import proteins like CCHL (Mayer et al., 1993) , can initiate the translocation of matrix-targeted preproteins. Apparently, the translocation machinery does not have to be activated, e.g., by components of the inner membrane. In intact mitochondria, the outer membrane insertion intermediate appears to be a productive substrate for engaging contact with the translocation machinery of the inner membrane (stage 4 in Figure 8 ). For transfer of the presequence from the outer membrane, a direct contact of the two translocation machineries seems necessary to trigger its release from the trans site. The membrane potential may have a decisive function in this transfer step. The import machinery of the inner membrane can then continue translocation by presenting the polypeptide chain to the matrixlocalized Hsp70, which leads to completion of translocation across both membranes in a concerted fashion.
Finally, we want to emphasize two unexpected functions of the outer membrane translocation apparatus. First, it can stabilize unfolded, membrane-bound preproteins by preventing their aggregation, and second, it can be viewed as an "unfoldase." These two criteria characterize the protein import complex as a membrane-integrated molecular chaperone. Notably, both protection from aggregation and unfolding are also observed with protease-pretreated OMVs. Therefore, these activities are associated with the protease-resistant part of the translocation machinery rather than with the surface receptors. In addition, these observations argue against a major role of lipids in the unfolding of preproteins at the mitochondrial surface. Thus, a function of lipids would be confined to a direct cooperation with the translocation machinery. The physiological role of protection from aggregation upon membrane insertion of a preprotein may be twofold. First, the preprotein is kept in a conformation that is competent to undergo further transport. Second, the preprotein is protected from lateral aggregation in the membrane.
The association of the presequence with the trans site promotes the unfolding of immediately following segments of the preprotein. What may be the mechanism of translocation-driven unfolding? A possible scenario is that spontaneous, local unfolding of the DHFR domain enables N-terminal segments of the preprotein to enter the translocation channel. Insertion into a narrow channel may reduce the energy of the transition state and help to remove unfolded segments from the initial folding/unfolding equilibrium. Whether translocation accelerates unfolding as reported for the bacterial inner membrane (Arkowitz et al., 1993) is not known at present. The unfolding process is rendered unidirectional by the stable association of the presequence with the trans site, i.e., the binding to this site is the energetic basis not only for translocation, but also for initial unfolding. In this respect, the unfolding activity of the protein import complex precedes and supports the action of matrix-localized Hsp70 in the unfolding of preproteins at the mitochondrial surface (see Neupert et al., 1990; Neupert and Pfanner, 1993) .
Experimental Procedures
Purification of the a and p Subunits of MPP Preparation of both subunits of Neurospora crassa MPP followed the protocol of Arretz et al. (1994) . Triton X-100 was omitted from the last chromatographic step. Pure fractions were dialyzed against 5 mM MOPS-KOH (pH 7.2), concentrated to 7 mg/ml in Centriprep tubes (Amicon), frozen in liquid nitrogen, and stored at -80°C.
Inclusion of Purified MPP into the Lumen of OMVs
OMVs (50 i~g/ml) were diluted 3-fold with buffer EM (1 mM EDTA, 10 mM MOPS-KOH [pH 7.2]) and pelleted for 30 rain at 220,000 × g. The OMVs were taken up in 1 ml of EM buffer and spun again for 15 rain at 220,000 x g to remove residual sucrose completely. After resuspending the pellet in inclusion buffer (10 mM MOPS-KOH [pH 6.5]) at a protein concentration of 2-4 rng/ml, purified ~-MPP and 13-MPP were added to a final concentration of 1.5 mg/ml each. The sample was immediately frozen in liquid nitrogen and placed into a metal block in an ice-water bath. After slow thawing (15-30 rain), 1/5 vol of 100 mM MOPS-KOH (pH 7.5) was added, and the sample was incubated for 5 rain at 25°C and adjusted to a sucrose concentration of 450/o by adding 60°/0 sucrose in buffer EMK (EM plus 150 mM KCI). OMVs were recovered by flotation centrifugation (30 rain at 220,000 x g) through a gradient of 450,40% (both in EMK), 32%, and 8% (both in EM) sucrose steps (500 ~l/step) in a Beckman SW60 rotor. They were harvested from the 32%18% sucrose interphase by careful aspiration with a pipette tip and diluted to the desired concentration with SEM (8o/o sucrose in EM).
Treatment of Reticulocyte Lysates
If the DHFR domain of fusion proteins was to be stabilized, DHFRfusion proteins in reticulocyte lysate were incubated with 1 pM MTX plus 1 mM NADPH in import buffer for 5 rain at 25°C. In some experiments, urea-denatured preproteins were used. To this end, reticulocyte lysate was precipitated with ammonium sulfate at 66% saturation and spun for 15 min at 15,000 x g. The precipitate was dissolved in 8 M urea in a total volume 8-fold higher than the lysate input. If the import mixture was to be depleted of ATP, OMVs and reticulocyte lysate were incubated separately with 10 U/ml apyrase (Sigma) in import buffer for 10 rain at 25°C. Then, the lysate was added to the OMVs, and the processing or binding reaction was started.
Translocation and Binding Assays
OMVs (5-10 I~g), empty or loaded with MPP, were suspended in 200 p.I of import buffer (0.25 mg/ml BSA, 50 mM KCI, 2.5 mM MgCI2, 1 mM ATP, 10 mM MOPS-KOH [pH 7.2]). If processing by entrapped MPP was to be monitored, 2 mM MnCI2 was added. OMVs were incubated with reticulocyte lysate containing the radiolabeled precursor protein for up to 30 rain at 25°C. They were either precipitated with TCA or diluted 5-fold with cold EMK buffer and reisolated (20 rain at 125,000 x g). Pellets were processed for SDS-PAGE or resuspended in import buffer to undergo further manipulations. In binding experiments, all vials were coated with fatty acid-free BSA (1 mg/ml, 15 rain) before use to reduce unspecific interactions of precursor proteins with the tube walls. In addition, pellets from the reisolation procedure were resuspended in 20 pl of SEM buffer and transferred to new tubes, in which they were dissolved in sample buffer. The following precursor proteins were used: pre-a-MPP with the MPP cleavage site after residue 35 (Schneider et al., 1990) ; pre-Su9-DHFR containing the first 69 amino acids of pre-Su9 of Fo-ATPase fused in front of mouse DHFR and MPP cleavage sites after residues 35 and 66 (Pfanner et al., 1987) ; in pre-cyt b2(55)-DHFR, pre-cyt b2(65)-DHFR, pre-cyt b2(85)-DHFR, and pre-cyt b2(220)-DHFR, the indicated number of amino acids of precytochrome b2 was fused in front of DHFR (Stuart et al., 1994) . Cleavage by MPP occurs after residue 31.
Sonication of OMVs
OMVs were reisolated (20 min at 125,000 x g) and resuspended in 600 Id of SEM containing 100 mM KCI. The samples were sonicated for 1 rain in an ice-water bath (Branson Sonifier 250 with a. microtip, intensity 4, 30% duty cycle), and membranes were reisolated (45 min at 125,000 x g). The supernatant was precipitated with TCA.
Miscellaneous
The following published procedures were used: purificdtion Of mitochondrial OMVs from N. crassa strain 74A (Mayer et aL, 1993) ; raising antisera and purification of IgG (SSIIner et al., 1989) ; transcription and translation reactions using [35S]methionine as radioactive label ; SDS-PAGE and fluorography of the resulting gels (Nicholson et al., 1987) ; blotting of proteins onto nitrocellulose; and immunostaining using the ECL chemiluminescence detection system (Amersham; Mayer et al., 1993) . FoP quantitation, the bands were scanned on an Image Master densitometer (Pharmacia). Protein concentrations were determined by the Coomassie dye binding assay (Bio-Rad).
